In the present work, assembly of nanosized ZnS particles grown on the surface of a 2D platform of reduced graphene oxide (RGO) sheets by the sol-gel method without the use of any surfactant/stabilizing agents and treatment with a microwave irradiation technique was reported. During this process, the RGO sheets act as the substrate, matrix and fine template for the growth/decoration of isometric ZnS nanoparticles and graphene sheets were formed simultaneously. The synthesized nanocomposites were used as photocatalyst materials for the degradation of Brilliant Blue and Brilliant Yellow dyes under UV light radiation. The results signify that the nanocomposites exhibit an enhanced photocatalytic activity compared to PZnS and RGO, owing to the high specific surface area, and the reduction of photoinduced electron-hole pair recombination in ZnS, which are due to the inclusion of RGO and its synergetic effects. Reduced graphene oxide acts as an excellent electron transporting material and effectively suppresses the charge recombination of ZnS-RGO nanocomposites exhibiting much higher photoresponse activity. The chemical composition, morphology and microstructural features of the materials were characterized by X-ray diffraction, FTIR, UV-Vis spectroscopy, photoluminescence, Raman and energy dispersive spectroscopy, FE-SEM, XPS, and TEM.
Introduction
Heterogeneous photocatalysis offers great potential for environmental purification by converting photon energy into chemical energy. [1] [2] [3] The recombination of photogenerated charge carriers has faster kinetics than surface redox reactions and greatly reduces the quantum efficiency of photocatalysis. [4] [5] [6] To enhance the photocatalysis efficiency, it is vital to retard the recombination of the charge carriers. Semiconductor nanoparticles are an important topic of interest because of their unique optical and electronic properties owing to the quantum confinement effect and large surface area. 7, 8 These nanoparticles have an increased band gap compared to their bulk counterparts leading to a blue/red shift in the absorption/emission spectra. The bandgaps of the nanoparticles can be tuned by controlling the size and morphology, and thus can be modified for various potential applications. 9, 10 Among semiconductors, zinc sulphide is a non-toxic II-VI semiconductor material with a wide direct band gap energy of 3.71 eV and 3.78 eV for a cubic zinc blend and a hexagonal wurtzite structure, respectively, with an excitonic binding energy of 40 meV at room temperature. 11, 12 ZnS has great potential applications in sensors, catalysis and optical properties. It also haswide emerging applications in optoelectronic devices, light emitting diodes, fuel cells, solar energy conversions, photocatalysis, efficient phosphor inflated panel displays, cathode ray tubes, luminescent materials, piezoelectric materials and thin films of electroluminescent devices 13, 14 and has been extensively studied because of its size, shape, and morphology dependent quantum confinement effects. 15 Generally, in order to avoid ZnS nanoparticle agglomeration, synthetic polymers, microgels, mesoporous silicate materials and other organic/surfactant stabilizers are adopted as stabilizing or supporting materials to keep the size of ZnS in the nano-range. However, in most cases, the pure products are obtained only after the complete removal of the surfactants, which makes the whole process more complicated. Therefore, it is difficult to control the growth and agglomeration of particles during synthesis without the use of any surfactant/stabilizer, and template-free self-assembled ZnS architectures with high photocatalytic efficiency are still difficult to achieve and rarely reported. On the other hand, the quick recombination of photogenerated charge carriers in ZnS nanocrystals limits their photocatalytic properties and decreases the efficiency rate in optoelectronics fields. Additionally, loading semiconductor particles on the surface of graphene is a good way to prevent the aggregation of the semiconductor nanoparticles and the stacking of graphene sheets.
Graphene is an emerging material of monolayered sp 2 hybrid carbon atoms in a two-dimensional hexagonal honeycomb structure and when conjugated with chemicals can cause a broad spectrum of attractive properties, such as optical transparency, high electroconductivity, 16 mechanical flexibility and strong thermal/chemical stability. 17 Recently, graphenebased materials decorated with metal or metal oxide/metal sulphide nanoparticles have attracted a great deal of attention due to their potential applications in many science and technological fields. 18 Nanocomposites composed of graphene and various semiconductors or metals/metal oxides show significantly improved properties compared to pure semiconductor nanomaterials in electrocatalysis, super capacitors, lithium ion batteries and photocatalytic reactions. 19 In addition, forming nanocomposites can effectively improve the photoelectric characteristics of the semiconductor and functionalized graphene due to the emission tunability and photoconductive characteristics of the semiconductor nanoparticles. Therefore, nanocomposites provide semiconductor nanoparticles with excellent emission tunability and graphene with superior electron mobility. 20, 21 In the present work, ZnS-RGO nanocomposites synthesized by a simple sol-gel method without the use of any surfactant or stabilizing agents, with zinc sulphate and sodium sulphide as sulphur sources, and treatment with microwave irradiation are reported. Here, ZnS acts as an excellent photocatalyst and its photo-responsive nature helps to excite electrons from the valence band to the conduction band and to create electronhole pairs which can migrate and initiate redox reactions with water and oxygen. It then degrades organic molecules or reduces metal ions absorbed on the surface of ZnS owing to their large shape anisotropy and superior thermal/chemical stability in ambient environments. 22 The composites of graphene and ZnS nanoparticles prevent graphene from aggregating due to the distribution of ZnS nanoparticles on the surface of graphene sheets, improving the photoelectric characteristics of the ZnS semiconductor nanoparticles due to the electron capture and transferability of graphene resulting in a more efficient separation of the photo-excited charge carriers from the ZnS-RGO composites. 23 Microwave irradiation-assisted chemical transformations are pollution free, eco-friendly and offer high yields together with simplicity in processing and handling. Microwave energy, in contrast, is introduced into the chemical reactor remotely and passes through the walls of the reaction vessel, heating the reactants and solvents directly and using microwave energy instead of conventional heating often results in good yields in a short time as compared with reactions by classical synthetic methods. Microwave radiation provides a fast and uniform heating rate that causes rapid particle nucleation and growth which can reduce the reaction time, and helps in facilitating porosity, therefore, saving a large amount of energy. 24, 39, 68 The effect of microwave irradiation in chemical reactions is a combination of the thermal effect and non-thermal effects, i.e., overheating, hot spots and selective heating, and non-thermal effects of the highly polarizing field, in addition to effects on the mobility and diffusion that may increase the probabilities of effective contacts. Microwave (MW) reactions involve selective absorption of MW energy by polar molecules, non-polar molecules being inert to MW dielectric loss. Microwave dielectric heating drives chemical reactions by taking advantage of the ability of some liquids and solids to transform electromagnetic radiation into heat wherein chemical reactions are accelerated because of selective absorption of microwave energy by the polar molecules. The penetration properties of microwave electromagnetic irradiation through solutions should result in uniform heating of the reaction solution, giving uniform nucleation and growth rates, as compared with thermal convection. 25, 26, 69 2. Results and discussion
Crystalline structure
The crystalline structures and phase orientations of RGO nanosheets, PZnS nanoparticles, and hybrid ZnS-RGO nanocomposites have been investigated by XRD analysis as shown in Fig. 1 . The diffraction patterns of RGO show an intense and sharp peak at 2y = 23.91 attributed to the (100) lattice plane with a corresponding ''d'' spacing of 0.83 nm. A peak at 161 corresponding to the (001) plane and a small minor hump located at 431 for the (101) planes as shown in Fig. 1a indicate the presence of few-layered graphene sheets, which means that RGO sheets have been effectively exfoliated from the raw graphite. Further, the reduction of reduced graphene oxide to make nanocrystalline graphene in the zinc sulphide composite (ZnS-RGO) is observed by studying the crystalline phase behaviour as shown in Fig. 1 . The XRD spectrum of the ZnS-RGO composites shows the peaks of isometric/cubic ZnS nanoparticles superimposed on the surface of 2D lattice phases of reduced graphene oxide/graphene sheets. The peaks at 28. 51, 33.51, 48.21, 56 .81, and 76.81 are the corresponding lattice planes of references at (111), (200), (220), (311) and (422) as shown in Fig. 1(c-e) Fig. 1b , which are the lattice planes of hexagonal ZnS with primitive cubic cell phase (JCPDS Card No 36-1450) with lattice constants of a = b = 3.820 Å and c = 6.527 Å. The nanocomposite crystalline size, FWHM, d spacing with (h k l) for the major intensity peak at (111) along with dislocation density and strains are given in Table 1 .
The crystallite size (D), dislocation density (d) and strain (e) are calculated by using the following relations,
where l = 1.5444 Å represents the wavelength of the X-rays, y is the diffraction angle, and b is the full width at half maximum (FWHM) of the diffraction peak.
FTIR analysis
To assess the reduction of RGO and the formation of the composites, Fig. 2 due to the presence of ZnS (metallic sulphide bonds) are clearly shown in Fig. 2 (b-e) for PZnS, GZ1, GZ2, and GZ3. 31 
Raman vibrations
Raman spectroscopy is a useful tool to investigate the significant carbon purity level, hybridization and structural changes of RGO to the ZnS-RGO composite. The D band is attributed to the disorder of graphene, resulting from the breathing mode of symmetry which is caused by phonon interaction near the K-edge zone boundary, whereas the G band is attributed to the ordered E 2g phonon mode vibrations at the Brillouin Zone centre of sp 2 bonded carbon atoms. The intensity ratio of D to G (I D /I G ) related to the density of defects in the RGO to composites are used to measure the quality of graphitization or defective disorders in crystalline graphene. The Raman peaks of RGO can be found at 1351 cm À1 and 1595 cm À1 corresponding to D and G bands respectively. 32 Raman lines show substantial broadening, phonon softening and line broadening of the Raman peaks which can be attributed to quantum confinement effects. 33 Furthermore, the peaks at 645 cm
À1
ascribed to pure ZnS are due to longitudinal optical (LO) phonons and the weaker peak at 445 cm À1 is associated with the transverse optical (TO) phonons. The peaks of first-order LO and TO phonons from the ZnS nanostructure exhibit a shift towards the lower energy. When the material structure reduces to nanosize or the lattice distortion increases, the wave-vector selection rule for the first order Raman scattering is relaxed and the photon scattering will not be limited to the centre of the Brillouin zone, so the phonon dispersion near the centre of the Brillouin zone is considered for confirmation of hybridization.
34 The results confirm the presence of both ZnS and RGO in the ZnS-RGO composites as shown in Fig. 3 (c-e) for the GZ1, GZ2, and GZ3 samples. In addition, the variation of I D /I G with respect to the oxidation level shows an increase of the I D /I G ratio indicating lower oxidation levels (that is to say higher reduction levels). 33 However, the major evidence is the degree of disorder in RGO, which can be observed from the intensity ratio of the D and G bands (I D /I G ). From Fig. 3 it can be inferred that the ratio of the ZnS-RGO composite is higher compared to RGO, implying that the microwave irradiation reaction has created a large number of sp 2 bonds and less structural defects in the RGO lattice. Furthermore, we see that the ZnS-RGO composite displays surface enhanced Raman scattering activity (SERS) in comparison with those of the original RGO under the same test conditions, and no signals of ZnS are detected in the ZnS-RGO composites. In most semiconductors, the second mechanism is predominant for SERS. The enhancement involves the chemisorption interaction and the semiconductor/absorbance charge transfer enhancement should be the predominant mechanism responsible for the observed enhancement of Raman intensity. 35, 36 2.4. Optical studies 2.4.1. UV-Vis spectroscopy analysis. The optical diffuse reflectance absorption spectra of RGO, PZnS, and the hybrid ZnS-RGO composites are shown in Fig. 4A . The absorption spectrum of RGO exhibits a maximum peak value at 220 nm (5.6 eV) and 250 nm (4.96 eV) corresponding to the n-p* transition of C-C and CQC bonds which indicates the narrowing/ broadening of the band gap as shown in Fig. 4A(a) . The maximum absorption spectra of the nanocomposites were located at 230 nm (5.3 eV) and 270 nm (4.5 eV) corresponding to n-p* transitions as shown in Fig. 4A (b-e) for PZnS, GZ1, GZ2 and GZ3. The optical percentage of the transmissions is between 85-94% for the nanocomposites. The shoulder peak of the spectra corresponding to the fundamental absorption edges in the samples was used to estimate the band gap of the materials. 37 ,38
where h = Planck's constant, c = velocity of light, l = wavelength of absorption and E = energy of the band gap of the semiconducting nanoparticles in the optical spectra. When the ZnS crystal reacts with a photon, which carries energy equal to h or more than the bandgap energy of the ZnS nanocrystals, it makes an electron excited from the valence band to the conduction band, consequently resulting in a positive hole in the valence band and recombination of electron and holes that plays a vital role in optoelectronics fields. Due to confinement of both electrons and holes, the lowest energy optical transition from the valence to conduction band will increase, effectively increasing the band gap (E g ). The calculated bandgap values of the nanocomposites with respect to the absorbance spectra are 275 nm (4.15 eV), 310 nm (4.0 eV) and 315 nm (3.9 eV), respectively, for GZ3, GZ2, GZ1 and PZnS which is blue shifted from that of bulk ZnS 340 nm (3.65 eV) and the band gap for the RGO is 5 eV as shown in Fig. 4B .
Increasing of the band gap energies of composite nanostructures could be an indication of the quantum confinement effect due to the decrease in the size and structures in ZnS and due to the interfacial action of surface plasmons of reduced graphene oxide and PZnS and increased band gap compared to bulk ZnS. 39 The band gap energy of the nanomaterials is obtained from the absorption maxima and according to quantum confinement theory, electrons in the conduction band and holes in the valence band are spatially confined by the potential barrier of the surface. The band gap broadening of ZnS can be attributed to the two integrative factors and the presence of sulphur vacancies can create adulteration levels near the valence band (VB), thereby inducing band gap narrowing/broadening, and the close interfacial interaction between ZnS and RGO could contribute to the band gap narrowing.
There is a slight decrease in the bandgap value for higher concentrations of ZnS in ZnS-RGO composites due to a higher amount of sulphur, which shields the activator Zn; sulphur acts as an accelerated vulcanizer for cross linking of Zn which is proactive in the UV-Vis region leading to slight alteration in the band gap but effectively active in the UV region and makes it active in the visible light region. 40 This result indicates that band gap narrowing of ZnS are is due to coupling between RGO and ZnS, and under UV light irradiation, semiconductor ZnS in the RGO-ZnS nanocomposites can be bandgap photo-excited, thereby generating electron-hole pairs. The energy band gaps View Article Online of the ZnS nanoparticles and nanocomposites were calculated using Tauc's relation in which a graph (ahn) 2 vs. hn is plotted, where a is the absorption coefficient and hn is the photon energy. The energy band gap E g as determined by extrapolation of the linear portion of (ahn) 2 vs. hn curves to (ahn) 2 = 0 is shown in Fig. 4B . 2.4.2. Photoluminescence spectroscopy. Photoluminescence studies provide information on defect states and the electronic states in the bandgap of ZnS and RGO, which take part in irradiative de-excitation of the sample. In nanocrystals, the defect states may shift or the density could be increased as revealed by PL studies. The photoluminescence emission spectra of the PZnS and ZnS-RGO (directly producing ZnS nanoparticles on reduced graphene oxide) samples with an excitation wavelength of 350 nm at room temperature are shown in Fig. 5 . The maximum emission spectra of the ZnS-RGO nanocomposite for the GZ1, GZ2 and GZ3 samples are at 452 nm (2.74 eV) attributed to sulphur vacancies and interstitial sulphur lattice defects or zinc in ZnS, where the electrons recombine with holes in the valence band. 41, 42 Furthermore, the maximum PL emission spectrum of the ZnS-RGO sample is blue-shifted to 485 nm (2.55 eV) which could be assigned to the size decrease of ZnS particles in the ZnS-RGO nanocomposites as shown in Fig. 5(b-e) . Broadening of the emission peak can be attributed to size distribution and the increase of the surface states owing to increase in the surface to volume ratio for smaller nanoparticles. The origin of the emission band centred at 490 nm is attributed to the Zn-vacancy. This phenomenon demonstrates that the emission energy of the surface states is corrected to the quantum-size effects. ZnS-RGO has a higher PL intensity, which is attributed to energy transfer from graphene to ZnS. Electrons are excited by incident light from the valence band of ZnS to the conduction band. 43 Because of the interaction between ZnS and graphene, the excited electrons can transfer to graphene sheets and get energy from the excitation levels of graphene, then the electrons obtained energy transfer from the excited state of graphene to ZnS and recombine with holes, leading to enhancement in the PL intensity. 44 Further investigation of the luminescence mechanism causing the blue-green emission spectra monitored at a wavelength of 582 nm (2.13 eV) has been recorded and shown in Fig. 5 . The bluegreen emission band can be excited both at energies near the band edge of the ZnS (the UV region) and at energies below the band edge (the visible region).
Morphology and chemical composition
The morphology of pure RGO, PZnS and hybrid ZnS-RGO nanocomposites prepared by varying the sulphur sources characterized by FESEM, chemical composition and elemental analysis of the composites was investigated by EDS analysis, respectively, as shown in Fig. 6 . The FESEM images of the RGO are curled and wrinkled corrugated nanosheets as shown in Fig. 6(A) , while the PZnS shows the microspherical/cubical shape of uniform surface structures as shown in the inset of Fig. 6(E) . Isometric/cubic ZnS nanoparticles are decorated uniformly on the surface of reduced graphene nanosheets and the two-dimensional structure of graphene sheets with micrometer long wrinkles can be clearly distinguished as shown in Fig. 6(B-D) . The RGO nanosheets function as conductive bands for the interconnection between various ZnS microspheres/isometric structures and the transfer of photogenerated charge carriers for enhancement of the photocatalytic efficiency. The graphene sheets play an important role in assisting as template/matrix for ZnS nanoparticle growth, its dispersion on its surface and at the same time ZnS decoration helps to prevent the aggregation of the graphene sheets. 45, 46 Further, to investigate the microscopic structure and morphology information of the PZnS, RGO sheets and hybrid nanocomposites, transmission electron microscopy (TEM) analysis was performed to examine the surface interaction between RGO and the ZnS-RGO nanocomposites as shown in Fig. 7 . The TEM image provides information on the limitation of the surface analysis and the large size of the microsphere. Fig. 7(a-c) shows that there is a nice uniform dispersion of nanosized ZnS particles on the surface of the reduced graphene oxide sheet, which supports information about the limitation of the surface analysis. 47 A more careful and close view reveals the presence of tiny ZnS nanoparticles, which are highly dispersed on the graphene surface. The images of RGO reveals the confirmation of nanosheets and the existence of layered sheet (si-, bi-and few layers) patterns observed as shown in Fig. 7d . Folded thin layers of graphene resembling crumpled silk veil waves with the approximate size of a few hundred square nanometres are clearly visible in the image. These sheets are transparent and very stable under the electron beam. The RGO nanosheets can function as conductive bands for the interconnection between various ZnS nanoparticles and the transfer of photo-generated charge carriers for enhancement of the photocurrent effect and the influence of graphene on the morphology. The light-gray nanoparticles are the RGO sheets, and the black dark regions on the RGO background are due to the presence of ZnS particles. The images of the ZnS nanoparticles in a cubic/ isometric structure are confirmed in all the composites (ZnS-RGO composite) GZ1, GZ2 and GZ3 as shown in Fig. 7(a-c) . This indicates that the graphene sheets may play an important role in assisting ZnS nanoparticle growth and dispersion on its surface, and at the same time, ZnS-decoration helps to prevent the aggregation of the graphene sheets. The TEM image of RGO clearly shows the lattice fringes of ultra-thin crumpled sheets with size ranging between tens to several hundreds of square nanometers visible in the image suggesting that the well-defined crystal structure with lattice indices at (100) and (101) were observed in SAED as shown in the inset image of Fig. 7d . The SAED pattern of RGO shows the two-fold concentric ring pattern, RGO formed is crystalline as it shows sharp diffraction patterns confirming a more regular carbon framework. These sheets are transparent and very stable under the electron beam. On the other hand, the images of ZnS-RGO show that ZnS particles are embedded in reduced graphene oxide sheets. The SAED pattern of ZnS-RGO shows the six-fold pattern of ZnS arising due to graphene in addition to the ring pattern from ZnS particles, indicating the formation of a ZnS-RGO complex. The closed ring structure in the SAED pattern confirms the cubic crystalline phase of the sample and the results are in agreement with the XRD analysis. SAED image patterns as shown in the inset image of Fig. 7 shows a set of rings due to the random orientation of crystallites, which relate to diffraction from different planes of the ZnS nano crystallites. The SAED patterns show many rings, among them the strongest four rings correspond to the (111), (200), (220) and (311) planes of the cubic phase of ZnS as shown in the inset image of Fig. 7(a-c) for GZ1, GZ2 and GZ3, respectively, which is consistent with the values reported in the JCPDS (No 65-1691) , and matches well with the diffraction results of XRD as shown in Fig. 1 . The nanoparticles' average particle size distribution of the ZnS-RGO composite analysis is shown in Fig. 7e . It can be seen from The energy dispersive spectrometry (EDS) of RGO, PZnS, and the hybrid nanocomposite is analysed for the confirmation of chemical composition and atomic weight%, where the atomic Zn : S ratio is about 2 : 1 for GZ2 and GZ3, and 1 : 1 for GZ1 and is consistent with the stoichiometric ratio of the ZnS nanoparticles as can be seen in Table 2 of the EDS spectra. The atomic weight percentages of Zn and the sulphur ratio are shown in Table 2 . Based on the results, the growth mechanisms of the ZnS-RGO composites can be predicted. The Zn 2+ positive ions gather on the negatively charged RGO surface. The microwave radiation process results in reaction of adsorbed Zn 2+ on RGO with S 2À ions to generate the initial ZnS nuclei. An in situ charge transfer process occurs from the ZnS nuclei to RGO. The chemical composition and atomic weight percentage of GZ1 are shown in Fig. 6F . 49 The chemical composition, atomic percentage, and percentage of weight error are given in Table 2 . As the molar ratio of the ZnS precursor increases the chemical composition percentage increases showing the stoichiometric ratio spectroscopy recorded in a selected area of the ZnS architecture, indicating that it is composed of Zn and S only.
XPS analysis
In order to investigate the chemical composition and binding energy state of the hybrid ZnS-RGO composites, PZnS and RGO
Fig. 6 FESEM image of (A) RGO, (B) GZ1, (C) GZ2, (D) GZ3 and (E) PZnS, and (F) EDS spectra analysis of the ZnS-RGO composite (GZ1).
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sheets, the XPS measurement technique is employed. The overall binding energy spectra obtained from the XPS spectrum for the RGO and ZnS-RGO composite is shown in Fig. 8 . Fig. 8A shows that the signal peaks of the binding energy of C1s, Zn2p, S2p and O1s are detected for ZnS-RGO (GZ1, GZ2 and GZ3) and PZnS. The deconvolution of the carbon C1s binding energy of the XPS spectra of RGO and the ZnS-RGO composites is shown in Fig. 8B . 50 The binding energy peak of C1s was decomposed into peaks ranging from 282.0 to 292.0 eV, which centred at the binding energies of 289.3, 287.5, 286.3, and 284.8 eV and were assigned to C-O, C-O-C, C-OH, C-C and P-P* (290.8 eV), respectively, which confirms the graphitic structure (sp 2 C-C) in RGO. There is a slight right shift in the peaks of carbon bonding in the ZnS-RGO hybrid nanocomposite, which indicated the reduction of RGO and a perfect blend between ZnS and RGO in appropriate proportion as shown in Fig. 8B . This shift indicates the change in binding energies of carbon bonding with Zn and sulphur composition. Fig. 8 (C-E) shows high resolution XPS full spectra of binding energy of Zn2p, S2p, and O1s of the ZnS-RGO (GZ1, GZ2, and GZ3) nanocomposites and PZnS. 51 The binding energy peaks for zinc in ZnS-RGO are located at 1021.1 eV for the electronic state of Zn 2p3/2 and at 1044.2 eV for the electronic state of Zn2p1/2, respectively, as shown in Fig. 8C . There is a small significant difference in the chemical shift and signal for Zn2p3/2 and Zn2p1/2 and intensity changes are observed indicating the chemical bonding of ZnS with RGO. The binding energy of sulphur composition is at 162 eV and 163 eV assigned to S2p3/2 and S2p1/2. There is a slight shift in the energy level of binding with carbon to sulphur ratio in the ZnS-RGO composites, respectively, as shown in Fig. 8D . The binding energy of oxygen composition in the composite assigned to the O1s region displayed the characteristic peaks at 532 eV as shown in Fig. 8E . From Fig. 8E , it can observed that there is a red shift in the oxygen binding energy level compared to RGO spectra, which indicates the reduction of RGO in ZnS-RGO composites and chemical shift of binding. 
N 2 adsorption/desorption
Nitrogen adsorption/desorption isotherms at 77 K and pore size peak distribution area plots were calculated by a volumetric adsorption measurement instrument within a relative pressure range from 0.01 to 101.3 kPa. The materials were exposed to a gas mixture of He and N 2 with a programmed ratio adsorbed amount of N 2 calculated from the change of pressure in a cell after equilibrium. Before the nitrogen adsorption/desorption measurements, the samples were degassed at 300 1C under vacuum for 3 h. Type IV adsorption isotherm of two different hysteresis loops are found in the relative pressure range of 0.0-1.0, indicating the presence of homogeneous pores in the microporous regions. The hysteresis loop for RGO starts at 0.35 and for ZnS doped with RGO (GZ3) the hysteresis loop is observed at 0.275, which indicates that the products undergo the chemical method and microwaveirradiation, reduction process technique aided with a small pore diameter of microporous nature as shown in Fig. 9 . 53, 54 Specific surface area measurement is one of the most important characteristic tools for carbon-based materials and a promising candidate in ultracapacitors, storage, chemical/ biosensors and catalysts. The excellent microporous tendency of the synthesized samples is good for photocatalyst, water treatment, and storage applications. This confirms that the formation of hydrophobic sites and interaction between graphene sheets under irradiation conditions is the main factor in deciding the surface alteration and porous structure of RGO. The distributions of the pore size indicate that there are two types of pores in the ZnS-RGO nanocomposite. One type is concentrated in the range of a typical microporous structure of 1.25 nm, which is probably attributed to the interspaces between the layers of RGO sheets and ZnS nanoparticles. . The enhanced specific surface area provides more surface active sites and efficient transport pathways to reactant molecules and products, which subsequently lead to improved photocatalytic activity of ZnS-RGO nanocomposites. Linhui Yu et al. (2013) 57 reported that the BET surface values for ZnS-graphene were 127.7 m 2 g À1 and 149.4 m 2 g À1 which were much less than the BET values reported in the present study. The Brunauer-Emmett-Teller specific surface areas (BET), BJH Pore volumes and average pore size of the RGO and ZnS-RGO (GZ3) are summarized in Table 3 . As it can be seen, the specific surface areas gradually increase with the increase of ZnS on RGO, but the average View Article Online pore size and pore volume decrease due to the decrease in crystallite size, which is beneficial for enhancement of the photocatalytic performance. The nanocomposites show an increase in surface area and pore size due to the enlarging area of ZnS and RGO. 58 
Photodegradation
To demonstrate the synergy induced enhancement of the photocatalytic efficiency of ZnS-RGO nanocomposites, contrasting experiments were performed using ZnS nanoparticles and RGO nanosheets as a photocatalyst for the photodegradation of BY and BB dyes respectively. The photocatalytic degradation of organic dyes by semiconductors under UV irradiation involves excitation of the semiconductors by light irradiation from photo-generated electrons in the conduction band and holes in the valence band and the subsequent chemical reactions within the surrounding media after the photo-generated charges move to the particle surface. Additionally based on the excitation of dyes in which the dyes act as a sensitizer of visible/UV light and as well as injects excited electrons to an electron acceptor to become a cationic/anion dye free radical followed by self-degradation or degradation by the reactive oxidation species. 59 The results of the BY and BB degradation in a series of experimental conditions are summarized, where C 0 and C are the initial concentrations after the equilibrium adsorption and the residual concentration of BY and BB respectively. The rate constants k of photocatalytic degradation shown in Fig. 10a The excellent photocatalytic activity of the ZnS-RGO composites is attributed to the high specific surface area and the reduction of electron-hole pair recombination due to the introduction of RGO. Thus, a large specific surface area is beneficial for absorbing more light and increasing the number of unsaturated surface coordination sites to improve the photocatalytic performance. 66 In the aspect of absorption, the absorbent capacity of ZnS-RGO was obviously stronger than the bare RGO and PZnS which can be predicted from Fig. 4 and 5 . As the molar ratio of ZnS precursors increases, an increase in the surface area and porosity, and narrowing/broadening of the band gap are confirmed by BET surface area measurement and UV-Vis band gap calculation in the present work. Also, the amount of RGO in ZnS-RGO increases, and the more distinct absorption capacity levelled up quickly, because of which the higher content of RGO offered a larger surface area to bind BB and BY molecules through P-P conjugation with offset face-to-face direction. 60 However, the ZnS-RGO nanocomposites were found to exhibit very prominent photocatalytic efficiency. The rate constant k values for 10 ppm of brilliant blue are 0.7 (blank), 0.4, 0.47, 0.31, 0.25 and 0.24, respectively, for RGO, PZnS, GZ1, GZ2, and GZ3 as shown in Fig. 11a . Similarly, for 20 ppm the values are 0.5, 0.56, 0.4, 0.35 and 0.3, respectively, for RGO, PZnS, GZ1, GZ2, and GZ3. For 30 ppm they are 0.6, 0.65, 0.47, 0.40 and 0.35 as shown in Fig. 11(b and c) for RGO, PZnS, GZ1, GZ2, and GZ3. From the results of the photodegradation experiments, it is observed that the absorption and degradation rate have lower values compared to PZNS and RGO, which indicates that the presence of RGO and ZnS in ZnS-RGO enriched the properties, as can be seen in Fig. 10 and 11. The degradation efficiency for the nanocomposite is better and enhanced compared to the bare RGO and ZnS for both the dyes (BB and BY). As the molar ratio of ZnS increased the degradation rate also increased 61, 62 due to the increase in the atomic weight percentage of Zn to sulphur and also due to the surface plasma resonance effect and intake of energy absorption is higher in the higher molar ratio of ZnS on RGO. The introduction of RGO enhanced the absorption capacity of BB and BY molecules which results from the P-P conjugation between the BB and BY and the aromatic regions of RGO. Under UV-Vis light irradiation, electron-hole pairs are generated within ZnS and these photo-induced electrons are easily transferred from the ZnS conduction band to the RGO sheet via a percolation mechanism and then scavenged by dissolved oxygen which causes electron-hole separation. The improvement of ZnS-RGO composites in the photocatalysis is mainly attributed to the improvement in adsorption, which is an important prerequisite for good photocatalytic activity. 67 Dye molecules can be transferred from the solution to the surface of ZnS and adsorbed with offset face-to-face orientation by P-P conjugation between dyes and aromatic regions of RGO until adsorption/desorption equilibrium is achieved, 63,66 the higher Zn 2+ : S 2À molar ratios and the smaller particle sizes play a vital role. A significant fluorescence quenching of ZnS can be observed after coupling ZnS with RGO due to interaction of the ZnS surface with RGO. It illustrates that the electron-hole pairs in the excited ZnS could be efficiently separated and the efficient transfer of photo-induced electrons between ZnS and RGO could take place. The highest photocatalytic activity can be attributed to the integrated effect of ZnS-RGO in which RGO in the nanocomposite not only enhances the specific surface areas of the ZnS particles but also acts as a good electron collector and transporter to separate photogenerated electron/hole pairs. Graphene has a significant influence on the morphology and structure of the nanocomposite, which can also improve the photocatalytic activity of the nanocomposite. 64 The percentage of dye removal with respect to COD initial and final calculations is given in Table 4 .
Photodegradation mechanism
The enhanced photodegradation efficiency of the ZnS-RGO composites is attributed to the adsorption of contaminant molecules by catalysis, the light absorption and finally the charge separation and transportation. The optical quenching and surface resonance characteristics of ZnS are higher compared to the ZnS-RGO composite and efficiency enhancement of the ZnS-RGO composite is due to the extended light absorption range. A significant fluorescence quenching of ZnS can be observed after coupling ZnS with RGO due to interaction of the ZnS surface with RGO compared to the bare ZnS and a clear red shift in the absorption edge of the ZnS-RGO composite can be predicted from Fig. 4 and 5, which gives confirmation of the photo-responsive nature of the materials. 66 The adsorption activity of the dyes is enhanced for the ZnS-RGO composite compared to PZnS as can be seen in Fig. 10 and 11 . ZnS valence electrons are excited to the conduction band, thereby producing the electron-hole pairs. The photo-generated electrons are transferred to RGO, which acts as an electron acceptor. RGO promotes the interfacial electron transfer process and effectively hinders the recombination of the photo-generated electrons and holes. The holes in the valence band of ZnS can react with absorbed water or hydroxyl groups to form surface hydroxyl radicals. Meanwhile, the photo-generated electrons on the surface of the ZnS nanoparticles, as well as the trapped electrons on RGO, can also react with the dissolved oxygen to form reactive oxygen species, which further react with water to form hydroxyl radicals. 64 Both the hydroxyl radicals and holes can degrade and oxidize the dye (BB and BY) molecules. 62, 65, 66 Electron-hole pairs in the excited ZnS could be efficiently separated and the efficient transfer of photoinduced electrons between ZnS and RGO plays a vital role in degradation. The efficiency of the photocatalytic reaction significantly depends on the efficiency of adsorption of organic contaminants on the photocatalysts and the separation of the photo-generated electron-hole pairs. The holes can react either with adsorbed water or with surface hydroxyl to form hydroxyl radicals. Consequently, the adsorption equilibrium is destroyed and dye molecules could move from solution to the interface and consequently decompose to CO 2 , H 2 O and other minerals through a redox reaction. The mechanism of photodegradation of the dyes is illustrated in Fig. 12 .
Under UV light, ZnS emitted to produce photoelectrons and holes. 64 The photoelectrons used for degrading dyes must be accepted and delivered away to resist the recombination of the photoelectrons and holes, which would give a higher efficiency of photocatalytic degradation. Fortunately, RGO can offer access 
Preparation of ZnS
For the synthesis of ZnS = (1 mol, 3.6 g, ZnSO 4 Á5H 2 O) and (1 mol, 1.56 g, Na 2 SÁ7H 2 O) powders used as precursor materials were dissolved separately in 20 mL of deionized water and stirred at room temperature for 30 min. Then, the solutions were mixed by dripping the Na 2 S solution in drops into ZnSO 4 solution while stirring at 80 1C for 2 hours. A white gel formed and was treated with microwave radiation for 180 s at 450 W. The products obtained were washed several times with deionized water and ethanol followed by centrifuging at 4000 rpm for 20 min. The final products were dried in a vacuum oven for 24 h at 80 1C to yield (pure) PZnS.
Synthesis of reduced graphene oxide
Reduced graphene oxide (RGO) is prepared from natural graphite powder by an improved Hummer's method 27 and a chemical exfoliation process. In brief, a 9 : 1 pre-cooled mixture of conc. H 2 SO 4 /H 3 PO 4 is slowly poured under continuous stirring into a mixture of 1 g of natural graphite powder and 0.5 g of NaNO 3 powder in a 1 L conical flask. Then 6 g of KMnO 4 is slowly added in steps maintaining the temperature of the mixture at 25 1C, and stirring continuously for 4 hours produces an exothermic reaction by which a rise in temperature up to 80 1C to 100 1C is observed. Allow the solution to cool down to room temperature, now gradually add 280 mL of DI water containing 5 mL of 30% H 2 O 2 and keep it overnight for decantation to form a solid precipitation. The products were washed 5 to 7 times with 5% warm solution of HCl to remove the metal ions and impurities. This mixture was centrifuged for 30 min at 4000 rpm followed by ethanol wash and filtered to obtain a black powder. Finally, the black powder is vacuum dried at a temperature of 100 1C for 24 hours to obtain pure reduced graphene oxide.
Synthesis of ZnS-RGO nanocomposites
To synthesise ZnS-RGO nanocomposites, 0.2 g of RGO was dispersed in 100 mL of deionized water and ultrasonication was done for 60 min to form a homogenous solution and for further exfoliation of reduced graphene oxide. Then, 1 M of ZnS-RGO nanocomposite (GZ3) = zinc sulphate (1 mol, 3.62 g, ZnSO 4 ) and sodium sulphide (1 mol, 1.56 g, Na 2 S) were gradually dissolved in the above prepared RGO solution at 80 1C under stirring conditions for 1 h. Similarly, 0.5 M and 0.25 M of ZnS nanoparticles were dispersed in 0.2 g of the above sonicated RGO solution to form hybrid nanocomposites namely GZ1 and GZ2. The nanocomposite solution was exposed to microwave radiation for 5 min at 450 W and the final products (irradiated solution from the microwave vessel is slowly poured into a glass beaker after washing followed by filtering) were kept for drying at 80 1C in a vacuum oven to obtain hybrid ZnS-RGO nanocomposites.
Characterization
The phase and crystallite size of the ZnS nanoparticles, RGO sheets, and ZnO-RGO nanocomposites were characterized using an automated X-ray powder diffractometer (XRD, Rigaku smart Lab-II) with mono-chromatic CuKa (l = 1.544 Å) radiation. The structural and morphology characterization of the synthesized products were analyzed using a field emission scanning electron microscope (FE-SEM, Carl Zeiss, sigma 500) and a transmission electron microscope (TEM, JEOL JEM-2100F-HR) equipped with a field emission gun operated at 200 kV. The images were recorded by using a Gatan Orius SC 1000 (832) model. The chemical compositions and binding energy of the nanocomposites were determined by using a Kratos Axis, ULTRA X-ray Photoelectron Spectrometer incorporating a 165 mm hemispherical electron energy analyser. Energy dispersive X-ray spectroscopy analysis (EDS) using an EDS-System (Hitachi-S3400N) instrument attached to the SEM was employed to investigate the elemental composition of the samples. The optical diffuse reflectance absorption spectra were recorded using a UV-Vis spectrophotometer (Diode Array spectrometer, SA-165, Elico, India). The Fourier Transform Infrared (FTIR) analyses were performed by using an FTIR-460 plus spectrophotometer (Jasco, Japan) at wave numbers ranging from 4000 to 400 cm À1 . The Micro-Raman spectroscopy was performed using an SP-acton 2500 and an argon laser lamp of l = 465 nm excitation. Photoluminescence spectra (PL) were recorded by using an F-2700 FL spectrophotometer with an incident laser light of 375 nm wavelength. The average particle size distribution was calculated by the dynamic light scattering technique (DLS, Nanotrac wave, Microtrac, Japan). 
Photocatalytic experiment
The photocatalytic activities of the synthesized materials were evaluated by the degradation of Brilliant Yellow (BY) and Brilliant Blue (BB) dyes (200 mL of aqueous solution of the dyes (1 Â 10 À5 mol L À1 )) under UV light radiation. The light source used was a 150 W Xe (Xenon) lamp and the distance between the UV source and the photoreaction vessel was 10 cm. Prior to irradiation, the suspensions were magnetically stirred in the dark for 30 min and further the photoreaction vessel was exposed to UV irradiation under ambient conditions. Different concentrations of dyes (10 ppm, 20 ppm, and 30 ppm) were considered for performing the photodegradation experiment with 10 mg of catalyst nanoparticles. At regular time intervals, 3 mL of the suspension was taken for centrifugation to separate the photocatalyst and further evaluated using a UV-Vis absorption spectrometer.
The photodegradation efficiency percentage is calculated from the equation given below
where C 0 = initial concentration of dye and C = concentration of dye after photoirradiation (final).
Conclusion
ZnS-RGO nanocomposites have been successfully synthesized using a sol-gel method without using any surfactant/stabilizing agent and were treated with the microwave irradiation technique. The XRD patterns of the ZnS-RGO nanocomposite shows that the crystallinity and particle size well support the TEM images. The FESEM and TEM images of the ZnS-RGO composites show that ZnS nanoparticles are in a cubic/isometric lattice structure decorated on graphene sheets with high crystallinity and fine morphology. FTIR and Raman results evidently show the presence of ZnS, RGO and the reduction of reduced graphene oxide in the composite to graphene. The ZnS-RGO composite gives significant improvement in the degradation of BY and BB dyes under UV-Vis irradiation, compared to PZnS and RGO which is due to increased adsorption of the dye, an increase in the band gap and the stepwise structure of the energy levels in the composite. The highest photocatalytic activity can be attributed to the integrated effect in which RGO in the nanocomposite not only enhances the specific surface areas of the ZnS particles, but also acts as a good electron collector and transporter to separate photo-generated electron/hole pairs. RGO has a significant influence on the morphology and structure of the nanocomposite, which can also improve the photocatalytic activity of the nanocomposite. Overall in this research work, in situ fabrication of ZnS-RGO composites with good efficiency photocatalysis under UV-Visible light irradiation and their applications in environmental protection are achieved.
